Bacillus brevis 47 has a morphologically unique cell wall structure consisting of two protein layers, termed the outer and middle wall layers, and a peptidoglycan layer (20) . The fine cell wall structure of B. brevis 47 shows gross morphological alteration that is dependent on the growth phase. Cells shed the outer two protein layers concomitantly with a prominent increase in protein secretion (20) . Under optimal growth conditions, cells accumulate extracellularly up to 12 g of protein per liter (10) . The protein secreted consists mainly of two proteins with molecular weights of 130,000 and 150,000, the same as those of the outer and middle wall proteins (16, 20) . Based on morphological, immunological, and biochemical criteria, the two major extracellular proteins were found to be derived from the respective cell wall proteins (11, 16) . The cell wall protein genes were partially cloned in Escherichia coli and found to direct the synthesis of polypeptides that are cross-reactive with antibodies to both the outer and middle wall proteins (18) . The isolation of the promoter and signal sequence regions of the gene could be useful for the construction of general secretion vectors for the production of foreign proteins in B. brevis 47. However, we have not yet succeeded in cloning the entire gene for the cell wall protein.
The ot-amylase gene of Bacillus stearothermophilus was cloned in E. coli, using pBR322 as a vector, and then sequenced (5, 17) . The ox-amylase gene consists of 1,647 base pairs (549 amino acids) and is expressed in E. coli. In this study we examined the efficiency of the production of a foreign protein, a thermophilic oL-amylase, in B. brevis 47, since this organism has the ability to produce extracellular proteins in amounts thus far not found for other microorganisms.
MATERIALS AND METHODS
Bacterial strains, media, and transformation. B. stearothermophilus DY-5 and E. coli HB101 were grown as described previously (17) . Bacillus subtilis 1A289 (metB5 sacA321 aroI906 amy-; Bacillus Genetic Stock Center, Ohio * Corresponding author.
State University, Columbus) and B. brevis 47-5, a uracil auxotroph of strain 47, were grown at 37°C in T2 medium (20) supplemented with 100 p.g of uracil per ml. Transformation of B. subtilis 1A289 and B. brevis 47-5 was performed by the methods of Chang and Cohen (2) and Takahashi et al. (14) , respectively. Transformants of B. subtilis and B. brevis 47-5 were selected on T2 medium plates supplemented with 100 ,ug of uracil per ml, 60 ,ug of neomycin per ml, and 1% soluble starch. ci-Amylase-positive colonies were detected by staining the plates with 1.7 mM I2-KI solution.
To determine the optimal growth conditions for production of ct-amylase, B. subtilis IA289 and B. brevis 47-5 carrying the ot-amylase gene were grown at 37°C in the presence of 60 ,ug of neomycin per ml in various media, the compositions of carbon and nitrogen sources in the T2 medium being appropriately varied. To change the carbon source in T2 medium, glucose was replaced by various carbon sources (1%). Ratios of the amounts of carbon and nitrogen sources in T2 medium were varied by increasing the amount of polypeptone up to 4% in the presence of 1% glucose or by increasing the amount of glucose up to 10% in the presence of 1% polypeptone. The other components in T2 medium were kept constant. The pH of all media was adjusted to 7.0 with 1 N NaOH. Cells grown at 37°C overnight in 5 ml of each medium were inoculated at 5% into 50 ml of the same medium. Cells were grown at 37°C with rotary shaking and monitored turbidimetrically at 660 nm after appropriate dilution with T2 medium. The turbidity of all cultures began to decrease after 2 days of culture.
Extraction and analysis of DNA. Plasmid DNA extraction was performed as previously described (17, 18) . Rapid, small-scale plasmid extraction from B. subtilis and B. brevis was carried out as described by Birnboim and Doly (1) .
All restriction enzymes were used under the conditions recommended by Takara Shuzo Co. (Kyoto, Japan). Restriction fragments were analyzed by agarose gel (1%) electrophoresis as described by Sharp et al. (12) .
Subcloning into pUB110 of the a-amylase gene on pHI301. The procedure for subcloning of the oi-amylase gene is shown in Fig. 1 constructed by ligation at the EcoRI sites of pBR322 and pUB110 and then cleaved completely with HindlIl and BamHI, followed by treatment with bacterial alkaline phosphatase. pHI301 was digested completely and partially with HindIII and BamHI, respectively. Both processed DNAs were ligated with T4 DNA ligase as described previously (17, 18) . The ligated DNA was used for the transformation of B. subtilis 1A289. A plasmid, pBAM101, found in an aamylase-positive transformant of B. subtilis 1A289 was then used to transform B. brevis 47-5 to neomycin resistance. a-Amylase assay. a-Amylase activity in culture broth was assayed at 40°C as described by Fuwa (4) after the cells had been removed by centrifugation (10,000 x g, 10 min, 4°C). The hydrolysis of 0.1 mg of soluble starch in 1 min was defined as 1 U of enzyme activity.
Purification of a-amylases produced by B. subtilis 1A289(pBAM101) and B. brevis (17) . After the removal of denatured protein by centrifugation (10,000 rpm, 10 min, 4°C), protein was precipitated with 70% cold acetone and dissolved in 50 mM Tris hydrochloride buffer (pH 7.5) containing 10 mM CaCl2, followed by dialysis at 4°C against the same buffer. The dialysate was applied to a column of DEAE-Sephadex A-25 equilibrated and eluted with the same buffer. a-Amylase was recovered in the flow-through fraction, precipitated with 70% cold acetone, and then dissolved in and dialyzed against 50 mM Tris hydrochloride buffer (pH 7.5). The dialysate was subjected to gel filtration on a column of Sephadex G-75 in subtilis lA289(pBAM101) (A), E. coli HB101(pHI301) (O), and B. stearothermophilus DY-5 (0) were diluted with 25 mM Tris hydrochloride buffer (pH 7.5) containing 10 mM CaC12 to give activities of 57, 43, 63, and 64 U/ml at 40°C, respectively. Each diluted enzyme was incubated for 15 min at each temperature and then quickly cooled by 10-fold dilution in cold 50 mM acetate buffer (pH 6.0) contasining 10 mM CaC12. The remaining a-amylase activity was measured for 10 min at 40°C. the same buffer. The enzyme fractions were pooled, and the enzyme was precipitated and dialyzed as described above. The yield of oa-amylase up to this step was approximately 25% of the initial total activity in both cases.
After the Sephadex column chromatography, the oaamylase produced by B. subtilis lA289(pBAM101) appeared to be homogeneous, as judged by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, whereas the ax-amylase produced by B. brevis 47-5(pBAM101) contained a small amount of the outer and middle wall proteins. For determination of the NH2-terminal amino acid sequence of the enzyme, the ox-amylase produced by B. brevis 47-5(pBAM101) was further purified by chromatography on a column of carboxymethyl cellulose in 50 mM acetate buffer (pH 5.5). ct-Amylase was adsorbed loosely to carboxymethyl cellulose under these conditions and was recovered mostly in the flow-through fraction on elution with the same buffer. a-Amylase was precipitated from the flow-through with 70% cold acetone and then dissolved in and dialyzed against 50 mM Tris hydrochloride buffer (pH 7.5). a-Amylases produced by E. coli HB101(pHI301) and B. stearothermophilus were purified as described previously (17) .
Determination of the NH2-terminal amino acid sequence of a-amylase. A JEOL JAS-47K sequence analyzer with a spinning cup was used to sequentially obtain amino acid derivatives from the NH2 terminus of a-amylase. The coupling buffer was 0.25 M Quadrol (pH 9.5), and 4 mg of Polybrene was used for each run as a carrier. The phenylthiohydantoin-amino acids were identified by high-pressure liquid chromatography using a JASCO Finepak SIL C18 column (4.6 by 250 mm) with an isocratic solvent system (0.01 M ammonium acetate-methanol-acetonitrile, 15:9:1) at 28°C. The repetitive yield of each run was approximately 95%. Threonine was identified spectrophotometrically as phenylthiohydantoin-dehydrothreonine by its absorption at 320 nm, but it was not quantified because of the unstability of phenylthiohydantoin-dehydrothreonine (3).
Other analytical procedures. Protein was determined as described by Lowry et al. (8) , with bovine serum albumin as a standard. The purity of a-amylase was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% gel) as described by Laemmli (7). After electrophoresis, the gels were stained and destained as described previously (20) . RESULTS 
AND DISCUSSION
Properties of a-amylases produced in various hosts. The enzymatic properties of ot-amylases produced in E. coli, B. subtilis, and B. brevis 47-5 carrying the ot-amylase gene were compared with those of that produced by the donor strain, B. stearothermophilus DY-S. The thermal stabilities of the four kinds of a-amylase were determined by incubating themn at various temperatures (40 to '900C) for 15 min (Fig. 2) essentially the same. The temperature range for maximal activity was 65 to 80°C (data not shown).
The oa-amylases produced in the different hosts had almost the same approximate molecular weight of 60,000, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 3) . The specific activity of each purified a-amylase was approximately 30,000 U/mg of protein when assayed at 40°C.
NH2-terminal amino acid sequences of a-amylases produced in various hosts. The oa-amylases purified from culture broth of both B. subtilis and B. brevis 47-5 carrying the same plasmid, pBAM101, were used to determine the NH2-terminal amino acid sequences as described above. The 14-residue NH2-terminal amino acid sequences of both aamylases were exactly the same (Table 1) . Furthermore, the 14-residue NH2-terminal sequences of ot-amylases produced by B. subtilis lA289(pBAM101) and B. brevis 47-5 (pBAM101) were in complete agreement with those of the enzymes produced in both E. coli HB1O1(pHI301) and B. stearothermophilus (Table 1 ). This clearly shows that the plasmids introduced into E. coli, B. subtilis and B. brevis 47-5 directed the synthesis of a-amylase the same as for that produced by B. stearothermophilus.
Based on the nucleotide sequence of the a-amylase gene (5), of which the 5' portion is shown in Fig. 4 , the plasmids pHI301 and pBAM101 contained the transcriptional and translational units of the thermophilic a-amylase gene. TTGAAA and TATAAT were the -35 and -10 sequences, respectively. After a possible ribosome binding sequence (AAGGGG or AAGG), an open reading frame started with a GUG codon. The NH2-terminal amino acid of the enzyme commenced with alanine, which was residue 35 of the translated sequence (Table 1 and Fig. 4) . The of the entire a-amylase gene has been determined (5) . The underlined sequences marked -35 and -10 refer to the conserved RNA polymerase binding and recognition sites. Possible ribosome binding sites (SD1 to SD4) are also underlined. The cleavage site between the signal sequence and the exoamylase is indicated by a vertical bar. The 14-residue N-terminal amino acid sequence is underlined. Sequences containing inverted repeat structure upstream of the gene are indicated by underlines with arrowheads. that deduced from the DNA sequence from residue 35 onwards. Regardless of the host, cleavage occurred between the first and second alanine residues, generating exactly the same enzyme NH2 terminus in the host as in the donor strain. This indicates that all four different microorganisms used here should contain a processing enzyme(s) with similar specificities. Furthermore, the signal peptide of the secretory protein in thermophiles should have the same conformation as that of mesophiles during secretion through the membrane, since processing enzymes have beetn shown to recognize the conformation of the signal peptide (6) .
Three other a-amylase genes, those of Bacillus amyloliquefaciens (15) , Bacillus licheniformis (13), and B. subtilis (21, 22) , have been characterized. However, the NH2-terminal amino acid sequence of the enzyme produced in different hosts has been determined only for the B. amyloliquefaciens a-amylase. The B. amyloliquefaciens axamylase is processed at exactly the same site between alanine and valine in both B. amyloliquefaciens and B. subtilis carrying the a-amylase gene.
Recently, the processing site for Bacillus cereus 569/H P-lactamase I has been determined in E. coli and B. subtilis (9) . ,-Lactatnase I is processed at different sites leading to the generation of different NH2 termini of the enzymes in E.
coli and B. subtilis. These NH2 termini are also different from that of the enzyme produced by B. cereus. The exact reason for the variation in the processing of ,-lactamase I is not known at present.
Comparison of a-amylase production between B. subtilis (pBAM101) and B. brevis 47-5(pBAM101). Representative curves for ai-amylase production in B. subtilis 1A289 (pBAM101) and B. brevis 47-5(pBAM101) are shown in Fig.  5 . Both hosts produced significantly large amounts of aamylase in medium supplemented with glucose as a carbon source. In glucose-grown cells, maximum production was seen at 48 to 72 h with about 60% of maximum at 24 h. B. brevis 47-5(pBAM101) produced 12,000 U of oa-amylase per ml, whereas B. subtilis lA289(pBAM101) produced 3,500 U of a-amylase per ml under the same growth conditions. Although variations in enzyme production occurred among experiments, B. brevis 47-5(pBAM101) produced at most 17,000 U of cx-amylase per ml. The average enzyme production in B. brevis 47-5(pBAM101) and B. subtilis lA289(pBAM101) was approximately 15,000 and 3,000 U/ml, respectively.
When glucose was replaced by glycerol, B. brevis 47-5(pBAM101) produced almost the same level of a-amylase as in the medium supplemented with glucose, whereas B. subtilis lA289(pBAM101) produced only a small amount of the enzyme (1OU/ml) although the cell yield was almost the same as in other media. The reason for this is not known at present.
Compared with glucose, other carbon sources such as starch, maltose, mannitol, lactose, and fructose, used at a concentration of 1%, were less effective for cx-amylase production in both hosts. Different ratios of the amounts of carbon and nitrogen sources in the medium were investigated. Under all the conditions examined, however, no significant enhancing effect on the enzyme production was seen with either host. B. brevis 47-5(pBAM101) always produced three to five times more oa-amylase than B. subtilis lA289(pBAM101) except when the medium was supplemented with glycerol as a carbon source.
The effect of Mg2" ions on ot-amylase production was determined in B. subtilis lA289(pBAM101) and B. brevis 47-5(pBAM101) (Fig. 6 Although Mg2+ up to 20 mM did not affect the cell yield, a-amylase production in B. brevis 47-5(pBAM101) was inhibited by approximately 60% in the presence of Mg2' at 5 to 20 mM, whereas ot-amylase production in B. subtilis lA289(pBAM101) remained unaltered under the same conditions. The inhibitory effects of Mg2+ on the enzyme production in B. brevis 47-5(pBAM101) resemble those of Mg2+ on the secretion of extracellular protein in B. brevis 47 (20) . Therefore, the efficient a-amylase production in B. brevis 47 seemed to have some relation to the unique properties of the cell wall in this organism.
B. stearothermophilus DY-S produces a low amount of ot-amylase, approximately 150 U/ml after growth for 48 h at 55°C (17) . Although direct comparison of the enzyme production in B. stearothermophilus with that in various hosts carrying the enzyme gene on plasmids may not be valid, B. brevis 47-5(pBAM101) produced the largest amount of the enzyme, i.e., 100, 15, and 5 times more than B. stearothermophilus DY-5, E. coli HB101(pHI301), and B. subtilis IA289(pBAM101), respectively. The amount of the enzyme protein produced by B. brevis 47-5(pBAM101) was approximately 0.5 g/liter when calculated on the basis of the specific activity of the purified enzyme. To further increase ca-amylase production in B. brevis 47-5, we tried to construct plasmids containing two or more copies of the cx-amylase gene on pUB110. No stable transformants were, however, isolated.
Ulmanen et al. seem to have succeeded in producing approximately 3 g of the B. amyloliquefaciens ot-amylase per liter in B. subtilis carrying the gene on pUB110 (19) . The significant difference in the amount of the enzyme produced might depend on the properties of the gene cloned on pUB110, on the growth conditions, or on both. Since B. brevis 47 was shown to efficiently produce a foreign protein, as described here, and since the extracellular protein gene is expressed quite efficiently in this organism (12 g of protein per liter being secreted into the culture medium), we are at present attempting to isolate the entire extracellular protein gene to construct a secretion vector in this organism.
